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INTRCGUCTION
Program Objective

As a Visiting Professor under the Air Force University Resident Research
Program, the author wes assigned to the ongoing efforts of the Air Force Wright
Aeronautical Laboratories (AFWAL) efforts to bridge the gap between materials
research and device development activities at AFWAL. Initial areas designated for
the author's participaticn were (1) research in deep level and carrier transport
neasurements involving DLTS, PITS, gated Hall and magnetoresistance measurements,
eand (2) research on device measurenents that show relationships between the
materials parameters and device performarice parameters.

When this assignment began the III-V compound research program at the AFWAL wes
being reoriented to investigate layered semiconductor structures initially with
GaAs/A1GaAs hetero-structures. This area was considered having the potential of
significant improvement in the device perfcrmance, as in the modulation-doped FET's,
and the introduction of new physical concepts. The author's primary resporsi-
bilities under this new program included actual device characterization and

performance evaluation and comparison with theoretical results and reported
performances.

Selection of Research Elements

Preliminary organization revealed to the author a significant need to
determine the high frequency potertial of the emerging MCDFET's (modulation-dcped
FET's). Thus, it was considered unwise to dilute this effort by pursuing research
on deep levels in the AlGaAs/GaAs materials, as planned originally. The research
elements selected for investigations are as follows:

(a) Understanding of the high-frequency potential of the emerging
n-A1GaAs/GaAs MODFET's with submicron gate-lengths. This would include
primarily the power gain limitations aend gain/stability marain as they
depend on structural and material details of the device.




it (b) Characterize the carrier concentration and mobility as functions of gate
g%d applied voltage ir the n-AlGaAs/GaAs MODFET structures and relate them

with the carrier velocity saturation behavior in micron and submicron
devices.

]
R (c)

Develop network models for the active and passive components in MODFET's
and characterize practical devices based on these models.

e (d) Carry out power gain and noise measurements on available short
K gate-length MODFET's and interpret the data in light of device models.
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DESCRIPTION OF RESEARCH ACTIVITIES
Theoretical Investigation

A review of existing published literature (keferences 1-5) on high electron
mobility transistors (HEMT's) -- which are alsc krown as the modulation-doped FET's
(MODFET's) or the two-dimensional electron gas FET's (TEGFET's) -- revealed the need
to develop a useful MODFET d.c. model and a small-signal a.c. model. Starting with
the charge-control concept, in line with that already in use for the conventional
silicon MOSFET's, &s introduced by Delagebeaudeuf and Linh (Reference 4), an attempt
was made to combine the concept of current saturation due to carrier velocity
saturation (Reference 6) in submicron gate-length MODFET's. This approach yielded a
first order closed from D.C. and small-signal basic intrinsic device a.c. model for
the MODFET based on the simplifying assumption that its gate capacitance is
independent of the gate bias voltage. The extrinsic series resistance and parasitic
capacitance effects and the output a.c. conductance, &s present in practical
devices, were also carefully incorporated in the overall a.c. network model that was
developed for the MODFET structure.

The small-signal a.c. network model was used for the calculations of the power
gain versus frequency beyond the unity current gain frequency and the stability gain
margin for the same frequency range for submicron gate-length MODFET's. Results of
this theoretical investigation evolved into the concept of the high aspect ratio
gate electrode design approach to the MODFET structure for millimeter-wave device
application, as presented in a paper published in the January 1985 issue of the IEEE
Transactions on Electron Devices. (See Appendix I.) A second paper that provides
the details of submicron gate-length device desigr calculatioris and graphical
presentations of the d.c. and a.c. characteristics cf MODFET's hes also been
submitted for publication. (See Reference (a) 4 under Bibliography.) A third paper
concerning the scaitering parameters of submicron devices based on the overall
physical network model is currently under preparation,

The high aspect ratio MODFET's are naturally enhsrcement mode devices and their
Timitations as switching devices are of ccrnisiderable interests. For this reason
calculations of power dissipation and propagation delay were carried out for devices
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of different sizes, and minimum propagation delay of 10 pSec was predicted for power
gissipation of 150 mW for 0.25-um gate-length devices. (See Reference (b) under
Bibliography.)

Experimental Investigation

At the earlier stage of this program the MODFET test cevices were not
available, and practical investigations could only be pursued involving conventional
CaAs MESFET's. The modeling and characterization of the series source and drain
resistances was considered to be worthwhile, as the MODFET is known to have similar
series resistarce limitations. Several short gate-length and long gate-length
MESFET's were experimentally investigated for this purpose, and subsequently an
analytical model was developed to explain the experimental date. A short communi-
catien on our findings was published in the July 1984 issue of IEEE Electron Device
Letters. (See Appendix II.) A full paper based on details of our experimental and
theoretical results has been submitted to the IEEE Trans. on Electron Devices for
publication. (See Reference (a) 2 under Biblicgraphy.)

In early April cof 1984, MODFET test samples for mobility and carrier concen-
tration evaluation were supplied by Dr. H. Morkoc. He also provided 1-um gate-
length MCOFET test samples for the evaluation of carrier velocity saturation and
power gain and noise performance comparison with theoretically predicted performenrce
based on the modeis developed under this pkogram. The carrier mobility and concen-
tration profile data on the two-dimensional electron gas were obtained experi-
mentally by Dr. D. Look and his associates at 300K and 77K. These data were used in
the interpretation of the characteristics of 1-ym gate-length devices, based on the
combined charge-control/carrier saturation velocity model, and determiration of the
carrier saturation velocity parameter as presented in & short paper published ir the
IEEE Electron Device Letters, November 1984, (See Reference (a) 5 under
Ribliography.)

Microwave power gain and noise figure performarce were measured using several
1-um gate-length devices, and the best performances were obtaired at a moderete
drain current when the transcerductance was somewhat below its maximum value, For

example at I ~12 mA and VDS = 3V, the noise figure measured was 3.36 dB end the

D-sat~
associated power gain was 9.2 dB at 9.36 GHz. These results were quite in line with
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i the predictions based on the network model deveioped under the theoretical invecti-
A2A gation and were further supported by the s-parameter dals cbtained from the same
test sample.
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ACHIEVEMENTS
Planned objectives that were accomplished are listed below:

(a) Identification of the high aspect ratio design approach as the primary
means of achieving high power gain with stebility in submicron MODFET
structures. This provides & solid foundation for millimeter-wave device

realization.

(b) Characterization of series resistances in MESFET's and recognition of the
effects of free-surface barrier depletion in short gate-length devices.

(c) Determination of the carrier saturation velocity from electrical
measurenents on l-um gate-length MODFET test samples.

(d) Calculations and graphical presentation of submicron gate-length device
design parameters and the corresponding small-signal a.c. network model
parameters.

(e) Submission of a patent application with two other AFWAL associates that
involves the design considerations for depletion-mode mm-wave MODFET's
with ohmic and hetero-structure gate constructions. (See Reference (c)

under Bibliography.)
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}m: A HIGH ASPECT RATIO DESIGN APPROACH TO MILLIMETER-WAVE HEMT STRUCTURES

R Mukunda B. Das’

i‘f Electronic Research Branch, Avionics Laboratory, AFWAL/AADR

ks Wright-Patterson AFB OH 45433

2

0 ABSTRACT

iié In MESFET and HEMT structures as the gate-length is reduced below 0.5um, in an
%; attempt to achieve amplification at highest possible frequencies, it is

3§, essential that the depletion depth:under the gate be also reduced in order to
33 preserve a high aspect ratio that ensures a high device voltage gain factor
:€?' (gm/go) and a reasonable value of stable power gain at high frequencies.

L%f Results based on this design approach indicate that an (n) AlGaAs/GaAs HEMT
iLz structure with 0.25um gate-length could provide stable power gain in excess of
%5 6db at the unity current gain frequency of 92.4 GHz, and for an aspect ratio
ﬁ of ten it is difficult to reduce the gate-length below 0.25um.

t

1

* Professor of Electrical Engineering, The Pennsylvania State University,
Solid State Device Laboratory and Material Research Laboratory, University

Park, PA 16802. He is currently on IPA assignment under the Air Force Systems

Command serving as a visiting professor.
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oy INTRODUCTION

In recent months several research groups have reported interesting
results concerning device fabrication technology and microwave performance of

sub-micron gate-length MESFET(1'3) and HEMT(4’5) structures. In general,

these studies have indicated that while a shortest possible separation between

;E E the gate and the source increases the device transconductance, and shortening
;?fq of the channel length below 0.5um improves the carrier saturation velocity,
>i; they do not necessarily lead to the desired improvement of the device power
iﬁ% gain performance. This situation requires a careful optimization approach to
i%: design device structures in order £o achieve the highest possible power gain

with acceptable stability margin. This investigation is an attempt to provide

| £§ such an optimization approach concerning the HEMT structures.
i
o
i}” The structural optimization begins with the recognition of the following
, facts.
A8
cg (a) The edge region or the fringing gate-to-drain feedback capaci-
e
§¢§£ tance (CDG) cannot be reduced beyond a practical minimum that is independent
MO )
. of the depletion depth under the gate.
ﬂ;% (b) A sizeable fraction of the source series resistance (rss) is due
\\ |
o to the contact resistance and thus its reduction by lowering the
\ 3.
) source-to-gate separation is ultimately ineffective.
gt .
Pl (c) The magnitude of the stable power gain margin (Y21/Y12) at f_ is
A 4-}.:
& “ jdeally determined by the gate capacitance to the feedback capacitance ratio
ﬂ.; (CG/CDG) and in lateral structures this approximates to gate aspect ratio,
; \3 i.e. the gate-length to the gate depletion depth ratio (Lg/do)' A high aspect
J.\‘;
::E§ ratio is also desirable in order to obtain a high voltage gain factor (gm/go).
(d) A minimum value of the depletion depth under the gate (do) can
\
w ) only be obtained by selecting the highest possible doping concentration.
I
o,
Y
— 1-2
o
$%4
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?553 THE HEMT STRUCTURE

- In order to be able to reduce the total depletion depth under the gate,
?%43 the behavior of the HEMT structure with varying thickness of the n-AlGaAs

ngﬁ layer should be understood. Figure 1*depicts a composite schematic band

;éq$ ) diagram of a Schottky gate heterojunction structure with different n-Al1GaAs
ggg: ‘ thicknesses each under a different appropriate forward bias, between the metal
32%5 gate and the two-dimensional electron gas (2-DEG), via the source ohmic

yj contact, such that the sheet carrier concentration (nso) remains at its

ﬁ?&é maximum value. It is clear from this diagram that for the minimum thickness
éé;f (dm) of the high-doped n-Al1GaAs layer, required for maximum Negs the forward
X bijas required is same as the magnitude of the Schottky barrier potentia1,<¢B.
‘¢$§ The value of dm depends on the doping concentration in the n-AlGaAs layer and
; 3 to a small extent on the thickness of the AlGaAs spacer layer (ds). Utilizing
( the data given in Delagebeaudeuf and Linh(e) it has been found that dm =703
ﬁ and n__ = 1.4110' cn”? when d = 60K and Ny = 2x10'® 3. Under this

hzgf condition the potential drop across dm and dS are ~74 mV and ~126 mV, respec-

tively. In view of the difficulties in the calculation of these quantities
when the doping in the n-AlGaAs is high and the accuracy of the various

assumptions involved in the quantum well modeling is in doubt, the exact

values of dm and N May differ from those given above. Nonetheless based on

B ]
g ; these values, dimensioné of an HEMT structure with 0.25um gate-length are
§$>£ optimized for best possible performance according to the electrical device
’; ? model calculations outlined below.
'izg ELECTRICAL CHARACTERISTICS
f Ei An important parameter of the HEMT structure is the effective capacitance
f;:ﬁ of the gate that can be related to the sheet carrier concentration in the
E E 2-DEG in terms of the effective gate voltage above its threshold value (VTH)'
2: *Fiqures Tocated on pgs. 1-23 thru I-26.
5 "
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This capacitance is defined by (dm + ds + di)’ where dm and dS are as identi-
fied above and di is the effective distance of the centroid of the 2-DEG from
the interface between the undoped Al1GaAs and GaAs buffer layers. Approximate
value of di could be as much(7) as 80A. Thus the value of the per unit area

gate capacitance (Co) can be calculated to be 5.1X10'7 F/cmz. Note that the

notations used here for different thicknesses differ from those given in ref.
(7).

SATURATION CURRENT AND TRANSCONDUCTANCE

The available carrier sheet concentration in the 2-DEG can be controlled

by the applied gate voltage (VGS) according to the re1ationship(6’7)
ang = €, (Vgg-Vry) (1)
where g 42 (2)
TH = (05 -_'D%m - aoc)
26

and the Fermi level in n-AlGaAs is assumed almost coincident with Ec’ For the

3

minimum n-A1GaAs thickness dm = 70A, when ND = 2X1018 cm , A¢c = 320 mV (the

heterojunction discontinuity potential), and VGS ~ |¢B|, the maximum effective
bias voltage (VGS - VTH) becomes 400 mV. However, using Ngo = 1.41X1012 cm'2
one obtains anO/C0 442 mV. Usinga lower value of "so reported by Lee et
al.(g) this bias becomes 345 mV. Thus there arises the uncertainty as to
which value should be taken for calculations. For the calculations reported
in this paper maximum effective bias used is 442 mV and other values used are
221 mvV and 110.5 mV. Use of 345 mV instead of 442 would reduce the saturation
current and the transconductance as given later in Table II, by less than 25%
and 2.4%, respectively; the series source and drain resistance would change

negligibly because of the contact resistance. The H.F. performance, as

1-4
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R presented later in Table III, would not be significantly affected by the
‘g%; possible difference in the maximum bias voltage cited.
_ ﬁi The d.c. and small-signal a.c. parameters values were calculated using

a (9)

R the equations given in Table I. The saturation current and

) transconductance expressions were obtained assuming that the current

9 -

k3 ] saturation occurs due to carrier velocity saturation(lo’ll). The output

I'

Rt conductance (go) was not determined theoretically instead assumed values have

been used in the present calculations on the basis of experimentally observed

12§} behavior of this parameter in short channel devices. For example, in the

iﬁ%’ 0.25um gate-length devices with 2.1um and 0.5um channel gm/g0 values of 10 and
e 12.3 respectively have been observed(z). The saturation carrier velocities in
- these two channel length cases were 1.1x10 cm/sec and 1.9x10’ cm/sec

s ; respectively. This apparent increase in the steady state carrier saturation
Lo velocity with reducing channel length is caused by the reduction of collisions
;%ﬁ giving rise to what is known as the ballistic motion(lz). A recent study(13)
§ : of high field electron transport in GaAs has revealed that the peak steady
&k& state electron velocity can approach 4XiO7 cm/sec for 0.5um channel under a

. uniform field of 10 kV/cm. It is however, difficult to translate this high

carrier velocity in an FET channel where the field is highly non-uniform and

‘:’ perhaps for this reason the effective saturation velocity is Veat in a 0.5um
ii’ ' channel(z) is only 1.9x10’ cm/sec. The assumed manner in which the carrier
3$$' mobility depends on the electric field is indicated in the mobility expression
tz given in Table I and this has been used in the present design calculations as
?t z others have used previous]y(ll).

QJJ- The current and transconductance values calculated for the assumed 0.z5um
T%%? gate-length device with lmm gate width at specified gate bias conditions are
ﬁig: presented in Table II.

Al
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_:;-: Table I. Device Performance Equationsand Assumptions
o
,-
IR . . .
:;::x", Basic Equations Assumptions
i
:pf.g‘: 1. Drain saturation current vs.
i gate voltage
953'
%‘ I =g ‘ vV (1+ U -7+ 20 ) Z: channel width
hy D-sat Mlnax © G G Vor (Ve = Vo)
‘:, ) G’ GS TH
) W¢, -
where UG = VG/vc
_":;: o i Leg Veat eg: semiconductor permittivity
2 and M max d +d_+d, v, = Lgec
KX Lg: gate length
2. Transconductance vs. gate voltage et - /
o) " Vsat/Yo
0 =g | (1= L ) w=u/(1+E£)
:'\',. Im = Om!ox T 0 c
nily G''c
'
el
3. Input gate capacitance vy, approaches unity with the
:s: Y Leg Lg 2 increase of velocity
v G T 74+ d FLY2 saturated carriers.
s:'gss‘ m S i
B
o
4. Drain-to-gate feedback capacitance Yo depends on the location of
‘;5»‘, the saturation point and
W Cog =Z eg Yo Yy = 1 additional contributions
K from interelectrode parasitic
'2:' effects.
!', ,'
5. Drain-to-source output capacitance K: complete elliptic integral
o of the first kind
D) Che = Ze. K(m)/2K(n)
Eg DS s TR channel length
| n = Lg/LCH
o Amplifier Performance 2 2
K14 m- +n =1
o . . (Y21)?
"Z 6. Upper-boqnd of maximum available GMA = 3 Re(Y”) Re(YzzT
‘o power gain, up g
_ 6 fr 2 , m fo= o
Ky G z 7 (e ( ) T 2nC
) mA'up 4t 9% G
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Table I (continued)
Basic Equations Assumptions
where
1_1 1
5 =5 % (ree +rae) g /8 n =
8 n SS GG’ “m 90" CH
3<n<5 A=(1+grc)
7. Upper-bound of maximum g output conductance
oscillation frequency, 0
r source resistance
SS
max|up ™Ng 9, rse’ gate series resistance
8. Maximum stable power gain I > wCDG
margin,
¢ - (fl) Eﬁ_ 11 (see Appendix A.1)
ms T fTChg 2 Y3 2 14 (L, n"ss,?
¥3 =14 (e )
9. Actual maximum available power 3
gain, CDG(I + 2.5CDG/CG) A
S =
F~5C.g (ragd + rec + r..)
: - GmAluE G70" CH SS GG
m
1+ GF
10. Maximum frequency of oscillations (See Appendix A.2)
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PARASITIC CAPACITANCE AND RESISTANCE ELEMENTS

The origins of parasitic capacitance elements are identified in the
device cross-sectional schematic shown in Figure 2(a) and an equivalent
network representation that includes these elements is shown in Figure 2(b).

The most important of the parasitic capacitances is the drain-to-gate
feedback capacitance (CDG). This mainly consists of the sidewall depletion in
the n-AlGaAs, a small parasitic coupling between the metal gate edge and the
2-DEG, and another small parasitic component outside of the semiconductor
between the metallized gate and drain sidewalls. Under a large operating
drain voltage the semiconductor depletion sidewall capacitance will tend to

(14) of this capacitance is difficult,

decrease. A detailed calculation
however an approximate realistic value can be obtained considering that this
is equivalent to the edge region fringing capacitance between a parallel plate
capacitor with the lower plate (channel) extending indefinitely beyond the
edge of the upper plate (gate). This is almost independent of the separation
between the parallel plates as indicated in Table I. This capacitance can be
represented in two parts, one being the inner component and the other the
outer component (see Figure 2(a)). The total value of Cpg for a 0.25um
drain/gate separation can have a maximum value of 0.203pF/mm and a minimum
value of 0.155pF/mm depending on the drain bias voltage. Included in this is
the capacitance between the metallization sidewalls (~0.035pF/mm).

The source-to-gate capacitance (CSG) has a similar origin as that of CDG
and due to a lower gate/source voltage its value would be larger than that of

c In a device with a minimum depletion depth (~210A) and a gate-length of

DG*
0.25:um, the gate capacitance CG becomes much larger than CSG and for this

reason an exact knowledge of the latter is unimportant.
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The source-to-drain parasitic capacitance (CDS) can be mode]ed(8) by

assuming that this is equivalent to the one-sided capacitance between two
conducting co-planar stripes separated by a small gap(ls). This will be
distributed between the drain and source resistances. For 0.25um gate-length
and 0.75um channel length this capacitance becomes ~0.084pF/mm. There is
another inner component of CDS due to the distributed channel resistance under
the gate and its coupling with the drain conducting region via the buffer
layer (see Figure 2(b). This capacitance could be as much as the outer
component of CDS cited above.

There are three resistances that can be presented in series with the
terminals of the FET structure. The most important of these is the source

series resistance (rss); it consists of two parts - one arises due to the

contact resistance (p_.) and the other is due to the ungated channel between

c
the source and the gate. Assuming Ngo 1.41X1012 cm"2 and a mobility value
of 8X103 cmZ/Vsec, one obtains 0.2350mm for the contact related part of rss

when 0 = IO'GQcmZ. Assuming a source/gate separation of 0.25um one obtains

0.0830mm for the ungated part of rss for the same mobility and sheet carrier
éoncentration values. This would imply that rgg can have a value of ~0.320mm.
This is quite in line with the reported(4) value of ~1.270mm for a gate/source
gap of 0.7um. For the determination of the drain series resistance (rDD) a

similar approach can be used and usually its value can be somewhat higher than

rss due to a higher gate/drain separation. However, too high a separation in
sub-half-micron gate could be deleterious to obtaining a high carrier satura-

tion velocity.

The series resistance of the gate metallization is usually lowered by

parailel gate pad arrangement such that only small fraction of the entire gate

AEEEERRE

l
width (Z) is encountered in signal flow-path. For millimeter-wave devices !
\
|

(i |
| I-9
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this fractional gatewidth should remain below 50um so that lumped network
element modeling concept is not invalidated. By a careful arrangement of the
gate metallization, Chao, et a].(4) have demonstrated that for 150um gate

width for 0.25:m gate-length a gate resistance (rGG) value of 0.8Q is

possible. An extrapolation based on this value with multiple gate pad

{ 3 arrangement should give 66 below 0.1 for a total gate width of 1 mm. 1In
ijjf discrete devices wirebonding and distributed gate pattern would require an
%&.: appropriate representation by suitable inductive elements in series with the
o gate, source and drain terminals. However, in integrated circuits their

?agg effects can be minimized or absorbed in passive circuit-elements by a careful
?_; chip layout procedure. In this work these inductances are considered to be
Bt absent.

e

f.._-(

i%;i POWER GAINS AND AMPLIFIER STABILITY

;1 Depletion mode high electron mobility FET structures were ana]yzed(ls)
ifg for power gain and stability performance, based on n-AlGaAs doping concentra-
> tion of ~7x10}7em™3 and gate-lengths of 1, 0.5 and 0.25um with different

v channel lengths, using the detailed form of the equivalent network model (see
ﬁ%ﬁ Figure 2(b)) following the standard circuit analysis approach.(17) Due to the
‘$i? large values of the parasitic resistance and capacitance elements and compara-
N tively low values of the gate capacitance no useful simplification of the

g;; power gain expressions could be made and the calculated data indicated that
Tﬁi although there is potential power gain in some cases the stability margins in
F7 all cases were too small for practical use. However, when the parasitic

;E; capacitance values are much lower than the active gate capacitance magnitude,
;;E and the associated parasitic RC time constant values are much smallier than the
f:%j effective channel carrier transit time then the power gain expressions can be
3
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simplified as given in eqns. 6, 7 and 8 of Table I. It is particularly
instructive to note how a high 9. ss product can reduce the upper-bound of the
power gain by 6 to 8 dB depending on the value of n, and also its influence on

(18) of the upper-

the stable power gain margin. The basis for the derivation
bound of the power gain is given in Appendix A.l.

In the case when the drain-to-gate feedback capacitance is not negligible
comparable to the gate capacitance, the actual power gain can become lower
than its upper-bound value. Approximate results representing this situation
are also given in eqns. 9 and 10 in Table I, and the relevant analytical steps
are given in Appendix A.¢z. For the purpose of numerical determination of
various power gains versus frequency behavior of a 0.25um gate-length device
with a high aspect ratio, all structural dimensions and relevant electrical
parameter values are listed in Table II. The results showing the upper-bound
of power gain performance are given in Table III(a).

Prediction of realistic values of fmax and power gain at fT would be of
great interest to those who are currently involved in the R and D activities
concerning HEMT structures. For this reason calculations based on the equa-

(19,20)

tions obtained in this paper and reported by others are compared in

Table I1I(b) for the selected device structure. The equation for fmax

obtained by No]f(lg) can be recast in the following manner,
f‘
~ T
foax ~ (3)
/v, 8g (Roy + Fee + ragp) + 200G ‘g + 9. (Rey * ree)
9w T "ss T Tea T 1T m ‘ReH tTss

For comparison purposes the fmax equation given in Table I (egn.10) can also

be rearranged in the same fashion, as given below:
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TABLE II: PHYSICAL AND ELECTRICAL PARAMETERS (300K)

(a) Calculated parameters vs., gate bias voltage

VesVm) Ipegat 9 Y9 ™ rew Y1 G C/Cpg fr T Cg/9,
mV mA/mm  mS/mm Q.mm - . mm - pF/mm - GHz  psec
442 256.2 725.1 1.379 3 0.4596 0.98 1.248 8.05 92.4 1.72
221 104.5 638.8 1.575 ‘3.5 0.4500 0.95 1.210 7.80 83.4 1.91
110.5 39.6 523.3 1.911 4.5 0.4244 0.90 1.146 7.39 71.6 2.22 f
(b) Assumed parameters
d_ = 70 = 8X10° cm?/Vsec o =10"% _enf
m 0 c
o -
d; = 80A e = 1.07x10" Y2F/cm reg = 0-19
= 4 = 7 =
d; = 60A Veat 1.9X10" cm/sec (for Z = 0.1cm)
Lg = 0.25um Ad. = 320 mV "og = 0
= _ 12 _-2
LCH = 0.7%m Neo = 1.41X10°"cm gm/g0 = 10
Z=0.1cm
s << Cg
(c) Calculated fixed parameters:
oy = 5558/ square 9/ max = 968 mS/mm
- 3 - Y
€. = 2.375x10° V/cm rog = 0.32 G
% Vc = 59,3 mv rop " 0.32 Q.mm
;E?: VTH = 500 mV g © 0.155pF/mm.
Iy '.:: i
“‘_’-".. .
Ruw,
[
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TABLE III. (a). BIAS DEPENDENCE OF UPPER-BOUND PERFORMANCE

Ip-sat f. Gya/yp Gys Fnax/up
mA/m GHz Coatf at f Sz
§§?f 256.2 92.4 6.33dB 6.67dB 191
'iéi 104.5 83.4 6.93dB 6.70dB 185
& 39.6 71.6 7.84dB 7.15dB 176

LR

(b) COMPARISON OF ACTUAL PERFORMANCE WHEN fo = 92.4 GHz

Performance (wolf)(lg) (This work) (Curtice)(zo)

fmax(GHz) 138.5 141 154

- G, (dB) 3.54 3.73 4.46

I-13
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where
A= (1+ ggrss)

There are differences in these two equations and reason is that wolf(lg)

ignored the source feedback term 9n''ss? and his estimation of the imaginary
part of Yoy Was also different (see Appendix A.2). Nevertheless, the close-
ness of results calculated from these equations are quite remarkable in the

(20)

specific case considered. The equation reported by Curtice gives the
highest value since he introduced a negative term under the square root sign
in eqn.( 3) that includes the effect of the inner part of CDS as shown in
Figure 2. .

The significance and importance of the proposed high gate aspect ratio
design can be best appreciated by focussing on the ratio CDG/CG in eqn.(8) of
Table I and in eqn.(4). In the former, at f. and beyond the stability is seen
to be directly proportional to the aspect ratio (see also eqns. 3 and 4 in
Table I). In the latter, the aspect ratio should be high for the realization
of the upper-bound of performance.

DEVICE REALIZATION

Manufacturing of high aspect ratio enhancement-mode HEMT's would require
careful control of the thickness and doping concentration in the n-AlGaAs
layer and its protection from the effect of free-surface potential in the
gate-to-drain and gate-to-source separation regions. A structure that would
achieve these objectives is schematically shown in Figure 3. In the gate
region the capping n-GaAs layer is removed by etching utilizing the differen-
tial etching properties(s) of AlGaAs and GaAs. The thickness of this layer is
predetermined and grown by MBE technique. A typical combination of doping and

thickness values are indicated in Figure 3. For approximately zero threshold

voltage and complete depletion of the n-AlGaAs layer, under the maximum
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‘%: allowed positive gate bias voltage, the relevant band and field diagrams are
[ shown in Figure 4. The extent of the total gate voltage swing is indicated by
the hatched area, plus that due to di'

Note that the gate metal not only forms Schottky barrier at the n-AlGaAs

interfacz, the same is also formed at the n-GaAs sidewalls. This provides

complete electrical isolation due to depletion and for this reason the n-GaAs

:(g layer doping should be not too high. Within the interelectrode spacing

:zj n-AlGaAs also provides 2-DEG to the n-GaAs and this should have no undesirable
w effects on the device performance. The free-surface potential should only

é}: affect the n-GaAs surface and thus ‘protect the thin active n-AlGaAs layer and

PR this could enhance the device reliability.

!ft For convenience the gate metallization can be achieved by a technique

;;E similar to that employed in the self-aligned gate technique(3) involving

'E§§ refractory metals. This would permit alloying of the source and the drain

L ohmic contacts after the gate is defined. The gate aspect ratio in the

:%; suggested device structure could easily exceed ten for a gate-length of 0.25um

: # as required for the desired millimeter-wave performance.

! DISCUSSIONS AND CONCLUSIONS

%:' The calculated power gain performance, based on device parameter values,

é?ﬁ in Tine with what have been reported in the literature, clearly demonstrate

@ﬁg ) the feasibility of achieving millimeter-wave HEMT structure that would operate

'{i% in enhancement mode. It is perhaps not unrealistic to extrapolate this to

.i;i MESFET structures, too. For practical realization of very thin depletion

jff depth under the gate electrode it might even be appropriate to increase the
153 doping ccncentration to 4x10*8cm™3.  The need to reduce the source series

3&: resistance is there, however, an order of magnitude reduction of the contact
n,;

resistivity will be required to reduce rss by a factor of two. The parameters
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that have the most influence on the power gain performance are the carrier
saturating velocity (through fT) and the voltage gain factor (gm/go), assuming
that the gate aspect ratio has already been fixed due to practical limitation.
Since Vsat and 9 both increase with the reduction of channel length, no easy
compromises are possible to achieve high power gains at higher and higher
frequencies. To improve the situation in sub-half-micron structures,
reduction of 9 by incorporation(ZI) of a carefully buried p+/n+ region below
the active channel, that would naturally be fully depleted, should be
considered.

The predicted upper-bound values of the maximum frequency of oscillations
(191GHz) and the power gain (6.33 dB) at 92.4 GHz are encouraging figures for
future development and research. However, for the aspect ratio used, the
feedback capacitance is still appreciable compared to the gate capacitance and

this reduces the fma and power gain at 92.4 GHz considerably as given in

X
Table III(b). It is believed that by further increasing the aspect ratio, by
reducing spacer layer and/or the n-AlGaAs layer thickness (by increasing
doping), the actual performance may be pushed towards the upper-bound values
of the structure. Reduction of contact resistance would also be helpful.

In view of the imprecise values cf Vs and 9ys at the present state of

at
understanding of device physical processes, it is not possible to predict
exactly as to how high in frequency the device performance can be extended.
Nevertheless, aided by the proposed high gate aspect ratio design approach, it
should be possible to obtain reasonable millimeter-wave amplifying performance

from a 0.25um gate HEMT Structure. This being an enhancement HEMT its useful-

ness in high speed switching circuits need not be further emphasized.
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Appendix A

A.1 The Basis for GmA/up Expression

.g$5 The network model of Fig. 2(b) can be used to define Y'-parameters that
[ vl

X

ﬁaﬂ includes the effects of rss and then the overall Y-parameters can be

)

-
- -
e
-
-

calculated by including the effects of reG* Following this approach the
upper-bound of the maximum available power gain can be approximated to
2 . 2
1 1Yyl . Ml

2‘2 -, P4
4 Re(Yll)Re(Yzz) 4w Cg (rCH + rGG) q;

(1)

where - .4 . q° =

L]

Cg =Cg/d s b =1+gpre

and  |Y31] = gp/A . A i
These approximations are valid when reg 1S Tow, Cpg IS much smaller than CG

and mZCDé (rDD/gé)<<1, as would be the case for high aspect ratio designs. A

final form of eqn.(1) above is given in Table I egn.(6).

A.2 The Effect of CDG on the Power Gain

In practice CG/CDG ratio may be less than 10, and this could have notice-
able effect on the actual power gain. This effect can be calculated by not
neglecting the Re (le Y21) term in the stability factor given by,
R 2Re(Y11)RE(Y22) - Re(leYzl)

K (2)
Y12 Y21
when k>2, whigh is usually true above f_, the actual gain can be written as
6 ,, = —-mA/Up (3)
mA/up 1 +38
F
-Re(Y,,Y,,)
where 6. = 21 22

—
F 2 Re(Yll)Re\Yzz)
In reference (18), the intrinsic Ygl parameter is given by,

i gmexP('kcof/SfT) f

Yoy = (4)
21 g, 3f/sE




L

2 where s=4 and k__= 0.61, similar to those for MOSFET's(22:23) o

?&: frequencies below 2f , the imaginary part of Y21 as given in eqn.(4) and the
ﬁﬁ same quantity as may be obtained from the intrinsic part of the network model
%g; in Fig. 2(b) can be shown to become, JwCG(k +1)/s and -juCg/n, respectively.
'gﬁ, This difference arises due to the network representation of 9 with reference
el ' to the signal voltage across the gate capacitance. However, the magnitude

;}f : IY21[ remains nearly the same in both representations. Thus for greater

;gﬁ accuracy, we have taken

%}E In(Yp) = - ;;f% (5)
ig” The value of the delay factor kco in eqn.(4) can be increased to represent

additional delay that takes place in the velocity saturated region near the

»%ﬁ drain and in that case the factor 2.5 should be appropriately reduced. Thus
: from above we have

e Re (Y,.¥,.) ~ - wiCpy (C . 8) (6)
0 € Wipla1) ™ - @ %pg \opg ¥ 25

2,

)

5“ and for the product Re(YZZ)Re(Yll)’ the approximate form in the denominator of
‘?» eqn.(1) above can be used. Finally, the expression of GmA and fmax’ as given
it

$$ in Table I, can be obtained.
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On the Determination of Source and Drain Series
Resistances of MESFET’s

S. CHAUDHURI anp M. B. DAS. SENIOR MEMBER, IEEE

Abstract—Based on sn implicit analytic solution of current transport

‘ equations applicable to a forward-biased Schottky barrier or
Junction-gate FET's with open drain, universal curves for three a-factors

bave bees generated. These factors determine the channel resistance
contributions to the device terminal dc and ac resistances. By measuring

have beea determined.

SING an approximate solution to the current transport

equations, under the conditions of forward-biased gate
and floating drain (see Fig. 1), Lee er ol [1] have shown that
the open-circuit drain voltage to the gate current'ratio is a
measure of the “end” resistance [2] that is interpreted as the
sum of one-half of the channel resistance and the extrinsic
source resistance (R,,). [n order to determine the value of Rgg
and Rpp (drain resistance) they have suggested to combine
these data with a plot of the measured source-to-drain resist-
ance against the calculated values of the channel sheet resist-
ance, corresponding to different gate bias voltages, and thus
obtain the sum of Rgs and R, by extrapolation and hence
Rss and Rpp. This approach requires a prior knowledge of
the channel sheet resistance versus gate voltage behavior. Also
the solution obtained by them is based on the assumption that
the channel voltage drop is much less than nkT/q, where n is
the diode factor and kT/q is the thermal potential. However,
this can be readily violated in practice.

We have obtained an implicit closed-form solution to the
same set of differential equations without any restrictions to
the channel voitage drop. This solution has enabled us to de-
fine three a-factors by which the channel resistance (Ry)
under the gate should be multiplied if the resistances are meas-
ured under difterent conditions as indicated below.

The floating drain voltage-to-gate current ratio is as follows:

LY
>
A

e v

o R, = —> =Rgs + apRen. (1)
e Iy
'\.:_ .-

Tl e
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these resistances the values of (he chanael, source, vad drain resisiances Fig. 1.

L
= Rgg r

Schematic representation of the forward-biased MESFET with
floating drain.

The small-signal transfer resistance is given by

re =
al,

=Rss+achH. (2)

The small-signal input resistance is

av, kT
Fin = GS=’i+n— 3
olg qly
where
ri=Rgs + ¢;RcHy (4)

and /I, is the gate current and Vg and ¥ are the drain-to-
source and gate-to-source voltages, respectively.

The above three a-factors are graphically presented in Fig. 2.
against the nommalized gate current. Note that the effective
thermal potential nkT/q and the channel resistance Rcy de-
fine the normalizing current /5. [t should be emphasized that
these curves are universal and the limiting value of ap is 1/2 at
low currents. as obtained by Lee eral. {1]. The low current
values of a, and o, are 1/2 and 1/3. respectively. This low cur-
rent value of &, can be readily obtained by taking the jimiting
value of the driving point impedance (z;,) of the conductance
(diode)/resistance (channel) distributed network [3] as given
in Fig. 1. Namely,

1

i
Zin =VICH/Ep cothVrougpl? = — + —rcul
gpl

(3)

where g, is the diode conductance per unit length, rey is
the channel resistance per unit length, and L is the channel
length. Assuming that the diode resistance (nkT/ql;) is known.
the difference between r, and r, readily gives Ri-y/6 at low
currents. Once a value of Ry is obtained. improved values of
a, and @, van be found trom Fig. 2 by 1dentityving an appropri-
ate value ot fo, /7 Thiswill provide an improved value of Rey.
This process can be repeated until a steady value ot R4 15 vb-
tained.
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Fig. 2. Universal curves for ap, a,. and a, versus normalized gate current.

Here we present the summary of our preliminary results
that were obtained from p-n junction diode/resistance analog
to demonstrate the validity of the theoretical model and its
application to the determination of the series resistances of a
1-um gate-length MESFET. The details of the theory and ex-
perimental data on different gate-length MESFET's will be
published elsewhere. The diode/resistance analog consisted
of 11 p-n-junction diodes and ten resistors of equal value.“Two
sets of resistors were used—one had a value of 5.1 Q each and
the other 27 Q each. They provided the channel resistance
values of 51 and 270 Q, respectively. The diodes were selected
at a constant forward current of 0.5 mA within the forward-
bias voltage range of 600 £ 6 mV. The resistors were of a toler-
ance of =5 percent. The ideality factor of the diodes was very
close to | and the thermal potential value was 25.6 mV at
room temperature. The measured and calculated values of
Vps/'Ig. re. and r;, as obtained from the analog networks, after
allowing for Rgg ~ 22 Q, are presented in Table 1. For both
values of Rcy, the values of r,, given in the middle column, as
measured, agree quite well with those calculated. The measured
values of Vpg/l, on all currents appear to be slightly higher
than that predicted by the theory. The measured values of #;
appear to be somewhat lower than the calculated values. par-
ucularly at high currents. These discrepancies could have been
due to the mismatching of the diode /-V characteristics and
the resistor elements. as pointed out earlier. Therefore, accept-
ine these expected range of variations and sume measurement
errors, we can conciude that the thearetical results presented
Lere for the current dependent parameters ap, a,, and a; are
indeed valid.

Measurements were also carried out on a 1-um gate-length
microwave MESFET under forward-bias condition for the pur-
pose of determining approximate values of the intrinsic chan-
nel resistance (R¢y) and the extrinsic source resistance Rgg
neglecting any gate series resistance. The sample was mounted
with grounded source on a microwave stripline module that
could readily be adopted to microwave measurement setups.
Thus the measurements could only be done to determine Rgg
and Ry and not Rpp. Results of these measurements are
presented 1in Table [I. [t is important to note that the diode
smatl-signal resistance (nkT/ql,) is 3 large component of the
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measured input resistance (r;,). Thus only results at /, > 0.25
mA is meaningful for the extraction of 7, and hence the deter-
mination of Rcy and Rgg. By graphical presentation of r;,
against /g, an asymptotic representation of the diode resistance
can be made that should also reveal the value of 5. By increas-
ing the gate current above | mA, we observed noticeable ther-
mal effect on the measured data. Since the measurements
could not be done rapidly due to possible damage to the de-
vice. we restricted our data anlaysis within a limited current
range as indicated in Table [1. All the ac measurements were
performed with an ac gate-to-source voltage of 6 mV at a sig-
nal frequency ot 25 kHe.

The values of Ry and Rgg were determined utilizing the
a, and o; curves of Fig. 1. A separate resistance measurement
between the source and the drain with the gate shorted to the
source indicated an approximate total resistance of 29.5 Q.
This value appears to be quite consistent with the estimated
values of Repy = 18.7 Q and Rgs = 3.34 Q. together with an
appropriate vajue of Rpp that can be expected to be higher
than Rss.

In conclusion. we have identitied and calculated three cur-
rent dependent resistances that arise due to the channel resist-
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ance of a MESFET when its gate is forward biased with re- Vid?ng the microwave MESFET sample and the measurement

spect to the source and an open-circuit is maintained at the facility.

drain. We have also demonsirated that by measuring these re-

s sistances at different currents and by using the theoretical REFERENCES

K curves, channel resi . . : (1] K. Lee. M. Shur, K. W. Lee. T. Vu, P. Roberts, and M. Helix. *‘A
el resistance, series source, and drain resistances new interpretation of ‘‘end’" resistance measurements.”” /EEE Elec-

: .y of MESFET's can be readily determined. tron Device Lett., vol. EDL-S. pp. $-7, 1984, /

[2] H. Fukui, '*Determination of the basic device parameters of a GaAs ‘

'.‘;: ACKNOWLEDGMENT MESFET."" Bell Syst. Tech. J.. pp. 171-197.1979. |
"% We would like to thank Mr. Robert T. Kemerley for pro- el :,‘,;.Cli);’_'?il_lmmud Electronics.”, - Holdea-Day. 1967, Ch. V.

ﬁ o OVERNIENT - vy s bR

646-067,/40539







